The growing consensus that language is distributed into large-scale cortical and subcortical networks has brought with it an increasing focus on the connectional anatomy of language, or how particular fibre pathways connect regions within the language network. Understanding connectivity of the language network could provide critical insights into function, but recent investigations using a variety of methodologies in both humans and non-human primates have provided conflicting accounts of pathways central to language. Some of the pathways classically considered language pathways, such as the arcuate fasciculus, are now argued to be domain-general rather than specialized, which represents a radical shift in perspective. Other pathways described in the non-human primate remain to be verified in humans. In this review, we examine the consensus and controversy in the study of fibre pathway connectivity for language. We focus on seven fibre pathways-the superior longitudinal fasciculus and arcuate fasciculus, the uncinate fasciculus, extreme capsule, middle longitudinal fasciculus, inferior longitudinal fasciculus and inferior fronto-occipital fasciculus-that have been proposed to support language in the human. We examine the methods in humans and non-human primate used to investigate the connectivity of these pathways, the historical context leading to the most current understanding of their anatomy, and the functional and clinical correlates of each pathway with reference to language. We conclude with a challenge for researchers and clinicians to establish a coherent framework within which fibre pathway connectivity can be systematically incorporated to the study of language.
Introduction
Language is one of the most celebrated hallmarks of human cognition. The growing consensus is that the language faculty is supported by distributed, large-scale cortical and subcortical networks, and such a notion has brought with it an increasing focus on how particular fibre pathways connect regions within these networks. Fibre pathways themselves are bundles of axons that originate from neurons in the cortical and subcortical grey matter. Three types of fibres are usually recognized: (i) commissural fibres, which connect the hemispheres; (ii) projection fibres, which either connect the cortex to the internal capsule, basal ganglia, brainstem and spinal cord (corticofugal fibres) or connect the thalamus to the cortex (corticopedal fibres); and (iii) association fibres, which connect adjacent and non-adjacent cortical regions within the same hemisphere and are referred to as short and long association fibres, respectively. The increased interest in fibre pathway connectivity in the study of brain and language relationships has forced the community to reconsider some of its founding principles. It is these considerations that we review here.
Faced with the rapid growth of this field of research, a central challenge for language researchers is to establish a coherent framework within which the study of fibre pathways can be systematically incorporated to the study of language as well as the study of lesions. While understanding connectivity of the language network can provide critical insights into function, particularly when considered in parallel with clinical correlates (e.g. abnormal, absent or damaged fibre pathways may be associated with particular functional deficits), recent investigations have provided conflicting accounts of pathways central to language. One prevailing notion should be dismissed at the outset. That is, fibre bundles are in fact not as distinct as the individualized names imply-while they can be identified and named, their spatial extent, origin and termination are often difficult to establish.
The objective of this review is to provide the reader with up-to-date about the anatomy, physiology and clinical correlates of the main fibre pathways involved in language. To this aim, we first critically review the most prominent methods that have been used to study connectivity. We then examine seven putative pathways for language: the superior longitudinal fasciculus and arcuate fasciculus, the uncinate fasciculus, extreme capsule, middle longitudinal fasciculus, inferior longitudinal fasciculus and inferior fronto-occipital fasciculus. For conciseness, we restrict our discussion to intrahemispheric cortico-cortical association pathways, and therefore do not discuss the cortico-striatal, cortico-thalamic or cortico-ponto-cerebellar pathways (the reader is referred to other sources for information on these pathways; Duffau et al., 2002; Duffau, 2008; Schmahmann and Pandya, 2008; Turken and Dronkers, 2011) .
Methods in the study of fibre pathways for language Post-mortem blunt fibre dissection Despite significant contributions from recent in vivo imaging methods, post-mortem blunt fibre dissection remains the most influential method through which we understand the organization of fibre pathways for language (Fig. 1A) . Briefly, post-mortem blunt fibre dissection begins with post-mortem removal and fixation of the brain, and proceeds to the careful peeling away, using a blunt dissection tool, of the grey matter and white matter to display the organized bundles of axons. Post-mortem blunt fibre dissection began with novel brain-fixation techniques in the early 19th century (Reil, 1809a (Reil, , b, c, d, 1812a Gall and Spurzheim, 1810; Burdach, 1819) , continued throughout the century with developments in both gross dissection and brain sections aided by staining (Leuret and Mayo, 1827; Arnold, 1838; Gratiolet, 1839; Foville, 1844; Meynert, 1885) , and culminated in the seminal works by Dé jè rine (1895, 1901) . Investigations using post-mortem blunt fibre dissection have continued to the present day (Trolard, 1906; Johnston, 1908; Curran, 1909; Hoeve, 1909; Jamieson, 1909; Davis, 1921; Klingler, 1935; Ludwig and Klingler, 1956; Ebeling and Reulen, 1988; Ebeling and von Cramon, 1992; Tü re et al., 1997 Tü re et al., , 2000 Kier et al., 2004; Peuskens et al., 2004; Bü rgel et al., 2006; Peltier et al., 2006; N'Dri Oka et al., 2007) .
Post-mortem blunt fibre dissection has been of tremendous help for the study of human neuroanatomy, but investigators disagree about its utility to trace the origins and terminations of fibre pathways. Curran (1909; p. 651) remarks 'All the fibers . . . can be traced in gross dissection to their origin with perfect distinctness, and there can be no false continuity of fibers . . .'. However, his contemporary, Edinger (1896; p. 239) cautions 'The demonstration of connections between regions lying farther apart from one another is . . . difficult and leads very easily to artefacts [sic] . . . '. Yas°argil (2004; p. 729) further stated 'it is not possible, even when applying careful meticulous microtechniques, to separate a certain fiber system . . . and to guarantee an accurate and reliable anatomical differentiation'. This limitation of post-mortem blunt fibre dissection reveals the necessity to combine various techniques to map the connectional anatomy of language.
Histochemical tract-tracing procedures
Histochemical staining methods identify the stained fibres of passage when the post-mortem brain is cut into sections, a practice that dates back to techniques developed toward the end of the 19th century (Golgi, 1878 (Golgi, , 1879 Weigert, 1882; Ehrlich, 1885 Ehrlich, , 1886 Marchi and Algeri, 1886; Marchi, 1886; Nissl, 1894; Ramó n y Cajal, 1903a, b; Bielschowsky, 1904) . These methods can be combined with the observation of Wallerian degeneration (Waller, 1850; Tü rck, 1851) , with the staining of degenerating myelin (e.g. by using the Marchi method or other methods such as silver impregnation; Marchi and Algeri, 1886; Fink and Heimer, 1967; de Olmos et al., 1981) , or investigation of differences in the degree of myelination across developing fibre tracts (Flechsig, 1901) .
Additional histochemical procedures are most effective when the living experimental subject is sacrificed following a period of uptake of particular tracers; it follows that such procedures are precluded in humans (Heimer and Robards, 1981; Heimer and Zá borsky, 1989; Lanciego et al., 1998 Lanciego et al., , 2000 Swanson, 2000; Heimer et al., 2006) . Of these, both retrograde (e.g. horseradish peroxidase, lectins, bacterial toxins, fluorescent dyes and viruses; Skirboll et al., 1989; Zaborszky and Heimer, 1989; Conte-Perales et al., 2010) and anterograde (e.g. tritium-labelled amino acids, Phaseolus vulgaris leucoagglutinin and dextran amines; Edwards and Hendrickson, 1981; Gerfen et al., 1989; Reiner and Honig, 2006) tracing methods, which rely on axoplasmic transport of a chosen tracer, have been used to investigate long-range fibre connectivity in the brain. These have the advantage over other histological methods to significantly reduce of the amount of misidentified crossing 'fibres of passage' (Zaborszky and Heimer, 1989; Lanciego et al., 1998 Lanciego et al., , 2000 .
The most prominent animal work investigating long association fibre pathways has used an anterograde autoradiographic tracing of radiolabelled amino acids (Yeterian et al., 2012 for review; Fig. 1B) . Although these tracing methods can reliably identify origin and termination sites for fibre pathways, they are restricted to use in animals. For some this is prohibitive: 'The absence of language in non-human primates raises doubts on the possibility of translating connectional anatomy of putative language pathways from animals to humans' (Catani, 2009; p. 404) . However, combined with methods that can be applied to humans, we believe histological methods can contribute to the understanding of white matter connectivity in the human brain.
Imaging procedures
Recent methods allow examination of the living human brain, and considerable effort has been expended to map the fibre pathways in vivo. The most popular method is diffusion tensor imaging (DTI, Fig. 1C ; Conturo et al., 1999; Ciccarelli et al., 2003; Mori and Zhang, 2006 ; Johansen-Berg and Rushworth, 2009; Lazar, Maldonado et al. (2011) . c = claustrum; CB = cingulum bundle; cs = central sulcus; ec = external capsule; of = occipitofrontal fasciculus; ILF = inferior longitudinal fasciculus; IOS = inferior occipital sulcus; LF = lateral fissure; MdLF = middle longitudinal fasciculus; OTS = occipitotemporal sulcus; PS = principal sulcus; slf = superior longitudinal fasciculus; STS = superior temporal sulcus; uf = uncinate fasciculus. 2010; Oishi et al., 2011) . DTI takes advantage of the anisotropic (i.e. directional) nature of diffusion of water molecules in axons, which can be measured with a MRI scanner. Because axons have a directional structure along which water flows, fractional anisotropy (a measure of diffusion direction and indicator of fibre integrity) is higher in white matter. Furthermore, the diffusion direction of fractional anisotropy can be traced across voxels to map fibre pathways, a procedure known as tractography (Basser et al., 2000) .
Despite the major advances in understanding fibre pathways in the human brain, DTI tractography suffers from several serious shortcomings that are often minimized (Tournier et al., 2002; Assaf and Pasternak, 2008) . First, DTI cannot differentiate efferent from afferent projections, and cannot identify axonal collateral pathways. Second, DTI relies more heavily than other experimental methods on a priori hypotheses about fibre pathways, which are based on potentially erroneous conclusions of early histological and dissection preparations. This can lead to the perpetuation of such errors into the DTI literature (Schmahmann and Pandya, 2006) . Thirdly, DTI assumes that a single diffusion tensor defines each pixel in the image, but this assumption is invalid where white matter voxels overlap with grey matter or CSF (a situation referred to as partial volume averaging), or in cases where there are crossing fibre tracts. Pixels with partial volumes or crossing fibres will appear less intense, falsely indicating a weaker diffusion direction (Tench et al., 2002; Lazar and Alexander, 2003) . DTI is not very robust under these conditions of uncertainty, which can lead to the premature termination of a fibre, the identification of non-existent fibre tracts, or the misidentification of two or more fibre tracts as one tract (Assaf and Pasternak, 2008) .
Methods are being developed to deal with some of these issues. For example, probabilistic methods allow better tracking under uncertainty Behrens et al., 2007) or with minimal prior assumptions (Reisert et al., 2011) . High angular resolution diffusion imaging and diffusion spectrum imaging both attempt to deal with the misidentification of pathways due to crossing fibres (Tuch et al., 2002; Tuch, 2004; Wedeen et al., 2005 Wedeen et al., , 2008 Lazar, 2010) .
Imaging methods are becoming increasingly common for the study of fibre pathways. Some investigators have great confidence, claiming for example 'the exact location and extent of human white matter fibre pathways can be identified noninvasively in vivo by means of DTI' (Brauer et al., 2011, p. 459) . Others are more reticent to make such claims (Yamada, 2009) , and suggest that delineating the entire trajectory of a fibre tract using DTI 'is not feasible for long fibre tracts in the human' (Makris et al., 2005, p. 864) and that 'neither DTI images nor post-mortem dissections can trace the trajectory of specific axons.' (Oishi et al., 2011, p. 5) . These discrepancies obviate the need to validate and compare the findings from in vivo diffusion weighted methods with complementary tract-tracing methodologies in experimental animals (Croxson et al., 2005; Dyrby et al., 2007; Cohen-Adad et al., 2011) or with histological and other post-mortem methods in humans (Simonyan et al., 2008; Hansen et al., 2011; Holl et al., 2011; Miller et al., 2011) .
Intraoperative electrostimulation
The seminal work by Hodgkin and Huxley (1939) showed that direct electrical stimulation of an axon elicits an action potential. Later this principle was applied to the study of white matter function by implantation of electrodes in patients preparing for surgery (Bickford et al., 1958; Ojemann and Fedio, 1968) and was shown to act directly on axonal transmission of information (Bignall, 1969; Nowak and Bullier, 1998) . Intraoperative electrostimulation (Fig. 1D ) implements a similar principle during surgery of awake patients by administering low-frequency stimulation (25-60 Hz), with a hand-held electrode, of certain areas of exposed white matter during performance of a task (see Szelé nyi et al., 2010, for review). When stimulation results in a disruption of a particular task (e.g. picture naming and counting), the pathway is determined to be involved in that task. The method is growing in popularity for the study of fibre pathways for language (Duffau et al., 2002 (Duffau et al., , 2003a (Duffau et al., , b, 2005 (Duffau et al., , 2008 (Duffau et al., , 2009 Henry et al., 2004; Mandonnet et al., 2007; Bello et al., 2008; Ellmore et al., 2009; Leclercq et al., 2010; De Witt Hamer et al., 2011; Maldonado et al., 2011a, b) .
There are some limitations of intraoperative electrostimulation. The procedure must be done on surgery patients, often with the presence of a tumour or lesion near the pathway of interest, which limits generalizability. A more subtle limitation is that identification of the pathway of interest is determined by current labelling convention (often relying on dissection or DTI data). Although there is often general agreement between tractography reconstruction and electrostimulation, there are also reported inconsistencies (Bello et al., 2008; Leclercq et al., 2010) . As is the case for all the tracing methods, results from intraoperative electrostimulation studies must be interpreted within the context of the methodological limitations.
Summary of methods
Despite the methodological advances reviewed in the preceding sections, which have enabled a rich understanding of the fibre connectivity supporting language, important controversies about the utility of each methodology remain, and confidence in the definition of particular fibre pathways must be weighed against the strengths and weaknesses of each methodology. In addition to methodological issues, individual differences in anatomy also contribute to the sometimes cloudy picture of fibre pathway connectivity. The morphology of even well-established pathways, such as the corpus callosum, is influenced by sulcal and regional asymmetries across hemispheres within the same individual (Aboitiz et al., 1992; Zaidel et al., 1995) . Across individuals, such anatomical differences are useful to establish functional correlates with specific pathways (e.g. Loui et al., 2011; Yeatman et al., 2011) , but individual differences also contribute to the difficulty of determining precise trajectories of the pathways . These methodological and individual-difference issues should be addressed when integrating fibre pathway connectivity into existing theories of the neurobiology of language.
Language pathways: anatomy, physiology and clinical correlates
The most prominent contemporary model of language neurobiology is a dual-stream architecture analogous to that of the visual system (Ungerleider and Haxby, 1994) . This model proposes a dorsal stream for mapping auditory speech sounds to articulatory (motor) representations, and a ventral stream for mapping auditory speech sounds to meaning (Hickok and Poeppel, 2000 Rauschecker and Tian, 2000; Hickok, 2009; Rauschecker and Scott, 2009; Rauschecker, 2011; Rogalsky and Hickok, 2011) . While most investigators agree with the essence of this model, differences of opinion have arisen about the origins, terminations and extent of the fibre pathways forming the proposed streams, as well as the specific roles played by these pathways. An emphasis has been placed on superior longitudinal fasciculus/arcuate fasciculus (SLF/AF) connectivity for the dorsal stream, although this is not without disagreement. The anatomy of the ventral stream is even more controversial, which may be due to the larger number of putative fibre pathways forming the ventral stream, including the uncinate fasciculus, the extreme capsule, the middle longitudinal fasciculus, the inferior longitudinal fasciculus, and the inferior fronto-occipital fasciculus (Catani and Mesulam, 2008; Duffau, 2008; Frey et al., 2008; Saur et al., 2008 Saur et al., , 2010 Papagno, 2011; Weiller et al., 2011; Wong et al., 2011) . In the following sections, we review the history and functional correlates of the pathways forming the dorsal and ventral language streams.
Fibre pathways of the dorsal stream: the superior longitudinal fasciculus/arcuate fasciculus Superior longitudinal fasciculus/arcuate fasciculus The SLF/AF pathway has dominated the study of the white matter connectivity of language for 4150 years. Historically, the superior longitudinal fasciculus and arcuate fasciculus have been viewed as synonymous, non-dissociable fibre pathways connecting the inferior frontal gyrus with the inferior parietal lobule and temporal lobe. It is only recently that there have been some attempts to dissociate parts of the SLF/AF, and generally these promote the notion that the arcuate fasciculus represents a partition of a broader superior longitudinal fasciculus. However, this attempt at redefinition is fairly recent; the course of the SLF/AF pathway has remained relatively unchallenged since Geschwind reasserted its prominence for language in his 1970 Science publication. There he produced the iconic figure showing the arcuate fasciculus connecting Broca's area (i.e. the posterior part of the inferior frontal gyrus, including two areas with distinct cyotoarchitecture: Brodmann areas 44 and 45) with Wernicke's area (in the posterior superior temporal cortex, including the gyrus and sulcus). Despite the simplicity of this model, the history preceding Geschwind's treatment, and study of the pathway since Geschwind, suggests a far greater anatomical and functional complexity.
Establishment of the superior longitudinal fasciculus/arcuate fasciculus as a 'language pathway'
The early understanding of the SLF/AF originates from Burdach (1819), and appears prominently in the major anatomical works of the 19th century (Mayo, 1827; Meynert, 1885; Obersteiner, 1896; Wernicke, 1897; Barker, 1899) , especially the two volumes by Dé jè rine (1895, 1901) . Like those before him, Dé jè rine (1895; p. 756) does not dissociate the superior longitudinal fasciculus and arcuate fasciculus fibres, calling the 'faisceau longitudinal supé rieur ou faisceau arqué (Arc) ("fasciculus arcuatus de Burdach")' a single fibre pathway named after Burdach. Similarly, Meynert (1885) makes mention of the arcuate fasciculus, but no mention of the superior longitudinal fasciculus, and Wernicke (1897) treats the superior longitudinal fasciculus and arcuate fasciculus as the same pathway (the 'superior longitudinal bundle, or arcuate bundle ', p. 20) .
Even early on, the course, origins and terminations of the SLF/ AF were disputed. Campbell (1905; p. 142) called it 'a difficult bundle to follow'. Regarding its anterior course, Meynert (as cited in Dé jè rine, 1895) located the rostral termination within the Rolandic operculum and inferior frontal gyrus, an opinion not shared by Dé jè rine. In his 1895 'Anatomie des centres nerveux', Dé jè rine (1895; p. 757) states 'the mode of termination of the arcuate fascicle rostrally is greatly disputed' and that 'when [the SLF/AF] is within an old cortical lesion, we cannot really follow degenerated fibres any further than the immediate neighbourhood of the primary focus of the lesion' (p. 758).
Despite his own earlier cautions, 6 years later, in the publication of the second volume of Anatomie des centres nerveux, Dé jè rine locates SLF/AF terminations in the inferior frontal gyrus (or F 3 for the third frontal convolution; his The temporal stem is also shortened. Dé jè rine (1895; p. 757) writes 'the most superficial fibres travel rostrally and cover the lateral aspect of the uncinate fasciculus, radiating in the crest forming the anterior part of the first temporal convolution' (e.g. see p. 755; Fig. 2 ). But in 1901, the pathway no longer extends to the temporal pole. Instead, the inferior frontal gyrus connects with the angular gyrus and the posterior superior temporal gyrus (labelled T 1 for the first temporal convolution). Specifically, the caption on page 250 shows 'The connections of the area of language, in particular the angular gyrus with Wernicke (T 1 ) and Broca (F 3 ) centers . . . Arc, arcuate fasciculus, connecting the AG and the first temporal gyrus with the center of Broca'.
The change between the 1895 and 1901 volumes of Dé jè rine's classic work is attributable in part to the influence of von Monakow's writings, particularly Gehirnpathologie in 1897. Figure 2 shows Dé jè rine's account in 1895, in which there is no emphasis on Broca's and Wernicke's centres. In contrast, von Monakow (1897) proposes the direct connection between the inferior frontal gyrus associated with 'motor aphasia', and those posterior temporal 'T 1 ' regions associated with 'sensory aphasia' (Fig. 2) . The figure's influence is very apparent in the contemporary writings of the time. For example, in 1899, Barker translates and reprints von Monakow's figure (Fig. 2) , the figure appears in Wernicke's last publication on aphasia (Wernicke, 1908 and it appears modified in the second edition of Dé jè rine's Anatomie des centres nervoux in 1901 (Fig. 2) .
In this way, the idea of a central role for the SLF/AF pathway to language became prominent in the latter part of the 19th century. Wernicke (1908) emphasizes the SLF/AF as one of two primary association fibre bundles important for language (the other being the uncinate fasciculus). Later, the emphasis on the SLF/AF was solidified by Konorski et al. (1961) and Geschwind (1965 Geschwind ( , 1970 . Geschwind also attached prominence to the arcuate fasciculus terminology with less emphasis on the superior longitudinal fasciculus terminology, and further emphasized the 'shortening' of the pathway to the caudal temporal lobe rather than the rostral temporal lobe termination suggested, for example, by Meynert, Obersteiner and the early Dé jè rine (Fig. 3A) .
The superior longitudinal fasciculus/arcuate fasciculus since Geschwind
Since Geschwind, a number of divergent and sometimes conflicting descriptions of the SLF/AF fibre pathway have emerged. For example, Catani and colleagues (2005) and Thiebaut de Schotten et al. (2011b) used DTI to delineate the SLF/AF into three segments. Within this model there is a long 'direct temporo-frontal segment' that is essentially the classical SLF/AF pathway, and two lateral segments that comprise an indirect temporal-parietalfrontal pathway (Fig. 3B ). This modifies, to some degree, the classical understanding by suggesting additional connectivity through the parietal lobe-a proposition made by Dé jè rine as early as 1901. Other researchers provide an alternative characterization. For example, also using DTI, Glasser and Rilling (2008) propose a division of the SLF/AF into (i) a middle temporal-inferior frontal 'lexico-semantic' segment; and (ii) a superior temporalinferior frontal 'phonological stream' segment ( Fig. 3C ).
More recently, data from non-human primates have provided new insights into temporal-parietal-frontal connectivity and challenged the classical notion of the SLF/AF by suggesting separation into four subcomponents-the superior longitudinal fasciculus I, superior longitudinal fasciculus II, superior longitudinal fasciculus III and the arcuate fasciculus ( Fig. 3D ; Petrides and Pandya, 1984, Schmahmann and Pandya, 2006; Yeterian et al., 2012) . The superior longitudinal fasciculus III and arcuate fasciculus have received the most attention for language. The superior longitudinal fasciculus III connects the anterior inferior parietal lobule with the ventral premotor and posterior inferior frontal gyrus Pandya, 1984, 1988; Schmahmann and Pandya, 2006) . Furthermore, using autoradiography, Petrides and Pandya (2009) verified that fibres originating from the inferior parietal lobule terminate in areas of the macaque brain that match the cytocarchitectonic profile of Brodmann areas 44 and 45 in the human brain (i.e. the classic Broca's area). This connectivity profile suggests the superior longitudinal fasciculus III is a candidate language pathway (Schmahmann and Pandya, 2006; .
The connectivity of the arcuate fasciculus component is more controversial. A prominent notion is that the human arcuate fasciculus connects the posterior superior temporal gyrus with the posterior inferior frontal gyrus. However, modern autoradiography studies suggest no such connection exists in the non-human primate (also see earlier work by Krieg, 1963, lesion 112) . Tracer injections in the posterior superior temporal gyrus of the macaque do not terminate in the inferior frontal gyrus (an exception reported by Petrides and Pandya, 2009 , is discussed later). Rather, several studies show that tracer injections in the posterior superior temporal gyrus (specifically area Tpt, proposed to be homologous to a small part of human Wernicke's area; Tranel et al., 1988) terminate in the more dorsal premotor and lateral prefrontal cortex distal to the classic language homologues (i.e. areas 9/46d, 8Ad Glasser and Rilling (2008) (with permission). Note that the frontal and temporal terminations are expanded in this model. Corresponding Brodmann's area for the origins and terminations were reported in the original paper. (D) A putative human connectivity profile adapted from tract-tracing studies in the macaque monkey. This model splits the superior longitudinal fasciculus into three segments in addition to the arcuate fasciculus. There is no direct posterior inferior frontal/ posterior superior temporal connectivity in this model. Numbers refer to the corresponding Brodmann's areas for putative origins and terminations for the third superior longitudinal fasciculus segment and the arcuate fasciculus.
Fibre pathways for language Brain 2012: 135; 3529-3550 | 3535 and 6d) (Petrides and Pandya, 1984 Schmahmann and Pandya, 2006) . See for example, Cases 6-8 of Petrides and Pandya (1984) , Cases 7 and 8 of Petrides and Pandya (1988) ; and Cases 7 and 8 of Schmahmann and Pandya (2006) . These tracer injection findings have been verified by studies using alternative histochemical tracing methods (Hackett et al., 1999 , Cases 1 and 3; Romanski et al., 1999, Case CA) , and histochemical techniques combined with electrode recording of the auditory cortex . In addition, the course of the pathway is verified when tracer injections are placed in the frontal lobe regions (particularly area 8Ad; Petrides and Pandya, 2006 , e.g. Case 1). Only one study in the macaque proposes a direct pathway connecting the posterior superior temporal gyrus and superior temporal sulcus with the inferior frontal gyrus through the arcuate fasciculus component of the superior longitudinal fasciculus (Petrides and Pandya, 2009 ). However, this appears to rest on data from one animal (Case 5) in which injection in parietal area ventral PG extended into the superior temporal sulcus and thus requires replication. The findings of Petrides and Pandya (2009) notwithstanding, work in the non-human primate challenges the notion that arcuate fasciculus connects the posterior superior temporal gyrus with posterior inferior frontal gyrus. Some human DTI work also corroborates the primate data (Makris et al., 2005; Rushworth et al., 2006; Frey et al., 2008; Saur et al., 2008; Thiebaut de Schotten et al., 2011a) , in particular the finding that the rostral arcuate fasciculus terminates in the more dorsal premotor cortex (Frey et al., 2008; . However, it must be noted that there are DTI reports of inferior frontal gyrus-superior temporal gyrus connectivity through the arcuate fasciculus (Catani et al., 2002; Powell et al., 2006; Anwander et al., 2007; Wakana et al., 2007; Glasser and Rilling, 2008; Kaplan et al., 2010; Thiebaut de Schotten et al., 2011a) .
Superior longitudinal fasciculus/arcuate fasciculus: functional and clinical notions relevant to language
The link between SLF/AF and language dates back to the proposal by Wernicke (1874) , who suggested that lesion to association fibres connecting the sensory and motor speech areas would lead to a disconnection syndrome termed conduction aphasia ('Leitungsaphasie'), a notion that was re-established in the 20th century by Geschwind (1965) and Konorski (1961) . Conduction aphasia is a complex syndrome characterized by fluent, meaningful spontaneous speech with normal prosody and intact comprehension, but frequent phonemic paraphasic errors (substitution of sounds), and difficulty repeating heard speech (Bernal and Ardila, 2009; Ardila, 2010) . The description of the syndrome and its relationship with SLF/AF was instrumental in crystalizing the 'BrocaWernicke-Geschwind' language model, which emphasizes the inferior frontal gyrus as a motor speech centre, the posterior temporal cortex as the receptive language centre, and the SFL/AF as the connection between receptive and expressive language areas. Consistent with these early notions, contemporary models of language neurobiology propose that the SLF/AF connects brain regions involved in sensorimotor processes supporting speech production and speech perception (Warren et al., 2005; Hickok and Poeppel, 2007; Rauschecker and Scott, 2009; Rauschecker, 2011) .
The emerging picture regarding the origins, terminations and general course of the SLF/AF pathway may lead to substantial revision of this model. As discussed in the previous section, one notion is that posterior superior temporal neurons project to the premotor cortex and not to the posterior inferior frontal gyrus, which calls into question the classical posterior inferior frontal gyrus-posterior temporal connection. However, although traditionally the posterior inferior frontal gyrus was seen as the primary motor speech centre, evidence suggests that the premotor cortex is involved in producing and also in perceiving speech (Duffau et al., 2003; Wilson et al., 2004; Bohland and Guenther, 2006; Callan et al., 2010; Peeva et al., 2010; Tremblay and Small, 2011) . Hence, even if the temporal projection terminates in the premotor cortex rather than in the posterior inferior frontal gyrus, it may still be important for phonological processing and speech production. Furthermore, the superior longitudinal fasciculus III pathway, which has been proposed to connect the supramarginal gyrus with the posterior inferior frontal gyrus (Makris et al., 2005) , may be important for both speech production and perception. Consistent with the idea of a role for both the superior longitudinal fasciculus III and arcuate fasciculus segments in phonological processing, it has been shown that electrical stimulation of the white matter underneath the inferior frontal, inferior parietal and posterior superior temporal cortex results in phonemic paraphasias (Duffau et al., 2002) and also speech arrest/articulation disturbance (Duffau et al., 2002 (Duffau et al., , 2003 Maldonado et al., 2011a) . Marchina et al. (2011) found in a group of 30 left hemisphere stroke patients that measures of fluency are scaled to SLF/AF lesion load, but not to uncinate fasciculus or extreme capsule lesion load (also see Tanabe et al., 1987) . Similarly, Breier et al. (2008) measured DTI fractional anisotropy in a group of 20 patients with left hemisphere stroke and showed a relationship between damage to superior longitudinal fasciculus and arcuate fasciculus (separately) and verbal repetition, independent of damage to surrounding cortical areas.
In spite of such evidence, the importance of connectivity via the SLF/AF for speech, and particularly for conduction aphasia, has been regularly challenged (Bernal and Ardila, 2009) . Lesions resulting in conduction aphasia are rarely focal and occur concomitant with damage to surrounding grey matter in the insula, superior temporal cortex, and/or inferior parietal lobule (Goldstein and Marmor, 1938; Benson et al., 1973; Green and Howes, 1977; Damasio and Damasio, 1980; Kempler et al., 1988) . Furthermore, damage to white matter does not appear to be necessary for repetition deficits (Mendez and Benson, 1985; Shuren et al., 1995; Selnes et al., 2002) . Electrical stimulation of the posterior superior temporal cortex can lead to a repetition deficit (Anderson et al., 1999) , and even complete agenesis of the left SLF/AF is not associated with conduction aphasic symptoms . Thus, it is difficult to ascertain whether the observed deficits are due to white matter rather than cortical defects.
Some more comprehensive studies focusing on these issues have been conducted. For example, in a detailed examination of the role of the SLF/AF for conduction aphasia, Axer and colleagues (2001) identified three subtypes of conduction aphasia based on the lesion site. Only the third subtype, mixed conduction aphasia, was associated with lesion to SLF/AF, and these patients were also most impaired in the repetition tasks. This apparent diversity of findings across subtypes of conduction aphasia may be related to the complex symptomatology of the disorder, which includes a repetition disorder, but also impaired word-finding and phonemic paraphasias.
Another way of looking at role of the SLF/AF in speech is to examine the effect of damage on individual symptoms such as repetition difficulty, rather than collection of symptoms such as conduction aphasia, since different clinical manifestations may be related to different lesion sites. This was the approach taken by Fridriksson and colleagues (2010) , who showed that repetition difficulty in a group of 45 patients with left hemisphere stroke is predicted by both a lesion to the SLF/AF, and hypoperfusion in the supramarginal gyrus. This is consistent with findings of a role for the posterior temporal cortex/supramarginal gyrus in repetition tasks (Dhanjal et al., 2008; Peschke et al., 2009 Peschke et al., , 2012 and speech production , and potentially with the proposed connectivity of the superior longitudinal fasciculus III component. Thus, there is some evidence for a double dissociation, with reported cases of repetition deficits not associated with lesions to the SLF/AF (Mendez and Benson, 1985; Shuren et al., 1995; Selnes et al., 2002) , and cases of lesions to the SLF/AF not leading to repetition deficits (Mendez and Benson, 1985; Shuren et al., 1995; Selnes et al., 2002; .
In addition to a much discussed role in speech processing and production, some researchers have proposed other functions for the SLF/AF. For example, some have suggested that part of this pathway supports semantic processing (Glasser and Rilling, 2008) or reading (Yeatman et al., 2011) . Others (Friederici, 2009; Brauer et al., 2011; Papoutsi et al., 2011) have proposed that the dorsal stream is also involved in processing syntactic complexity during language comprehension. Still others have suggested that the arcuate fasciculus part of the superior longitudinal fasciculus is involved in non-linguistic sound localization and auditory-spatial awareness, and do not consider it to be a language pathway (Petrides and Pandya, 2002; Makris et al., 2005; Schmahmann and Pandya, 2006) . In summary, the role of the SLF/AF in phonological processing during speech perception and production is supported, but there is no consensus about its importance in (i) the aetiology of conduction aphasia; (ii) semantic or syntactic processing during language production and comprehension or in (iii) auditory-spatial processing.
Summary of the dorsal stream
The current status of the anatomical connectivity of the dorsal stream is represented by a tension between those maintaining the classical understanding, suggesting that 'there is the wellestablished direct pathway connecting Wernicke's territory in the left temporal lobe with Broca's territory in the left frontal lobe through the arcuate fasciculus' (Catani et al., 2007, p. 17163) , and those suggesting a significant revision-e.g. those claiming that 'the arcuate fasciculus does not link the mid-superior temporal region with the cortex homologous to Broca's area' (Schmahmann et al., 2007, p. 648) . Currently, the field has no clear model of SLF/AF connectivity. A number of studies still support an extensive fronto-temporal connectivity identified in the classical literature (Fig. 3A) . Recent work by Catani and colleagues (2005) and by Glasser and Rilling (2008) suggests a revision to the classical model based on DTI (Fig. 3B and C) . Finally, work in the non-human primate using tract-tracing methodologies suggests that the SLF/AF can be further divided into constituent components (Fig. 3D) . To reconcile these models of SLF/AF connectivity, more work is needed. Most promising are the investigations comparing directly the findings from diffusion-weighted imaging and autoradiography in the non-human primate Thiebaut de Schotten et al, 2011a) , as this will help establish more accurate in vivo tract tracing methods in humans. A clearer model of connectivity will help to establish the function(s) of the dorsal language stream, and constrain models of the neurobiology of language (e.g. Hickok and Poeppel, 2007, Fig. 1 
Fibre pathways of the ventral stream Uncinate fasciculus
The uncinate fasciculus is a relatively short pathway connecting anterior temporal to inferior frontal areas. The earliest descriptions date from Reil (1809c,d) and Burdach (1819) who located its rostral termination in the orbital and lateral frontal cortex. The posterior termination was ascribed to the anterior superior temporal gyrus and superior temporal sulcus, and temporal pole. This description was largely unmodified in the latter part of the 19th century (Meynert, 1885; Sachs, 1893; Dé jè rine, 1895; Obersteiner, 1896; Wernicke, 1897; Barker, 1899) .
These early notions have been confirmed in later studies using post-mortem blunt fibre dissection (Ludwig and Klingler, 1956; Klingler and Gloor, 1960; Ebeling and von Cramon, 1992; Peuskens et al., 2004) , post-mortem blunt fibre dissection combined with MRI (Kier et al., 2004) , and stained preparations (Highley et al., 2002) . In humans, there is also evidence for temporo-frontal connectivity through the amygdala (Klingler and Gloor, 1960; Ebeling and von Cramon, 1992) . Work with non-human primates confirms the general course described in humans (Mettler, 1935b, c; Levin, 1936; Pribram et al., 1950; Pribram and MacLean, 1953; Kawamura and Naito, 1984; Petrides and Pandya, 1988 Streitfeld, 1980 for review of earlier work), including the connectivity with the amygdala (Ghashghaei and Barbas, 2002; Schmahmann and Pandya, 2006) . Work on non-human primates also suggests more widespread connectivity with the frontal cortex (Mettler, 1935b; Bailey et al., 1943a, b; Bignall, 1969; Barbas and Pandya, 1989; Ungerleider et al., 1989; Carmichael and Price, 1995; Kondo et al., 2005; Saleem et al., 2008; Muñ oz et al., 2009) , which extend to the medial and rostral frontal cortex (even areas 10 and 11; Muñ oz et al., 2009; Petrides and Pandya, 1988 , especially Cases 1 and 3; Petrides and Pandya, 2007 , Cases 1 and 7) and are likely to be bidirectional (Nauta, 1964 Uncinate fasciculus: functional and clinical correlates relevant to language Wernicke (1908) noted that uncinate fasciculus was one of 'two important association bundles which must be considered in the anatomy of the speech regions . . . some portions of it certainly extend to the third frontal convolution, including Broca's convolution and the speech region of the first temporal convolution' (pp. 314-15). Despite this early call to its functional importance, the uncinate fasciculus has only recently garnered attention as a ventral language pathway Papagno, 2011; Weiller et al., 2011) .
One of the potential language-related functions of the uncinate fasciculus concerns semantic processing, a function also ascribed to the anterior temporal cortex (especially the temporal pole), which forms the caudal termination of the uncinate fasciculus. Indeed, the temporal pole has been described as a potential 'hub' of a distributed semantic memory network (Lu et al., 2002; Patterson et al., 2007; Holland and Lambon Ralph, 2010; Tsapkini et al., 2011) . In support of a semantic function, reduction in fractional anisotropy (indicative of white matter damage) in the uncinate fasciculus is related to the semantic variant subtype of primary progressive aphasia (Gorno-Tempini et al., 2004; Agosta et al., 2011; Galantucci et al., 2011) . Moreover, results of a recent study examining 44 patients undergoing surgical resection of the anterior temporal cortex show that semantic impairments in these patients are selectively associated with damage to the uncinate fasciculus -patients with accompanying uncinate fasciculus resection were impaired on picture naming of objects and famous faces. Moreover, uncinate fasciculus electrostimulation induced phonemic paraphasias, but this finding is not replicated by Duffau and colleagues (2009) . Papagno (2011a) discusses this discrepancy.
In addition to semantic processing, the uncinate fasciculus has been associated with auditory working memory (Frey et al., 2004; Fritz et al., 2005; Diehl et al., 2008; McDonald et al., 2008; Muñ oz et al., 2009) . In human, reduced white matter integrity in the uncinate fasciculus is associated with reduced auditory memory (Diehl et al., 2008; McDonald et al., 2008) . Based on the brain regions it connects, it has also been suggested that the uncinate fasciculus may contribute to sound recognition (Clarke et al., 2002) , and to the attachment of emotional significance to auditory stimuli (Schmahmann and Pandya, 2006) . This interpretation is consistent with prior findings linking the anterior superior temporal gyrus/superior temporal sulcus to speech and voice processing in both human (Belin and Zatorre, 2003; Rauschecker and Scott, 2009 ) and non-human primates (Petkov et al., 2008 (Petkov et al., , 2009 ). In summary, there is suggestive evidence for involvement of the uncinate fasciculus in at least two language-related functions: semantic processing and auditory working memory/sound recognition.
Extreme capsule
The extreme capsule is located between the claustrum and insula, running parallel to the external capsule with which it is sometimes confused (Fig. 4) . Although described by Obertsteiner (1896) , explicit description of the extreme capsule is conspicuously absent in major anatomical writings of the time (Meynert, 1885; Sachs, 1893; Flechsig, 1896; Barker, 1899; Gordinier, 1899) . Dé jè rine (1895; pp. 808-9) , who distinguished the extreme capsule from both the uncinate fasciculus and the inferior longitudinal fasciculus, believed that the extreme capsule contained both association fibres and fibres of the external capsule, stating that 'the fibers of the external capsule are therefore part of the fibers of the EmC (extreme capsule), which also contain a very large number of short association fibers connecting two convolutions adjacent to, or more or less distant from, the insula'.
Anatomical work focusing on the human extreme capsule is scarce (Rae, 1954) . For example, in his description of the inferior fronto-occipital fasciculus, Curran (1909) described the course of the inferior fronto-occipital fasciculus as passing through the extreme capsule territory, but did not explicitly name the extreme capsule as a dissociable association pathway per se, consistent with Ludwig and Klingler (1956) and more recently with Kier and colleagues (2004) . In contrast, studies focusing on extreme capsule fibres in non-human primates are more common. For example, earlier studies with experimental lesions in the macaque (Mettler, 1935b, c; Lockard, 1948; Berke, 1960) identified cortical association fibres passing through the extreme capsule and connecting frontal, insular and temporal cortices. More recent autoradiographic studies in non-human primates have suggested that the extreme capsule is a long association fibre pathway connecting the anterior, middle and possibly posterior superior and middle temporal cortex with the caudal and ventrolateral prefrontal cortex [Petrides and Pandya, 1988 (Cases 4 and 5); Figure 4 Proposed course of the extreme capsule (blue) and middle longitudinal fasciculus (yellow) in human coronal section. Cl = claustrum; ExtlC = external capsule; IC = internal capsule; LF = lateral fissure; STS = superior temporal sulcus. Schmahmann and Pandya, 2006; . This connectivity appears to be bidirectional (Petrides and Pandya, 2007) .
DTI results provide some support for this description of the extreme capsule (Frey et al., 2008; Saur et al., 2008; Brauer et al., 2011; Wong et al., 2011) . For example, suggested that the extreme capsule could be dissociated from the uncinate fasciculus and inferior longitudinal fasciculus in the anterior temporal lobe. However, the pathway they identified extends more posteriorly, into the angular gyrus, than is typically indicated by autoradiography Pandya, 1988, 2007; Schmahmann and Pandya, 2006; and lesion (Berke, 1960) studies in the non-human primate. Notably, though, the extreme capsule is absent in several other DTI studies (Bü rgel et al., 2006; Wakana et al., 2007; Catani and Thiebaut de Schotten, 2008; Hua et al., 2009; Thiebaut de Schotten et al., 2011b; Turken and Dronkers, 2011) . For example, Oishi and colleagues (2011) do not list the extreme capsule in their comprehensive DTI atlas of human white matter because, at the scanning resolution at which their data were acquired (2.5 mm), they could not dissociate it from the claustrum and external capsule (also see Anwander et al., 2007) . These discrepancies suggest some caution is warranted in interpreting DTI data of this pathway.
Extreme capsule: functional and clinical notions relevant to language
The extreme capsule links the anterior part of the inferior frontal gyrus-associated with, among other processes, the controlled retrieval and selection among competing semantic representations (Thompson-Schill et al., 1997; Wagner et al., 2001; Gough et al., 2005; Moss et al., 2005) -with the middle-to-posterior portion of the superior and middle temporal cortex, associated with the long-term storage of semantic information (Martin and Chao, 2001; Hickok and Poeppel, 2007; Binney et al., 2010; Price, 2010) . It has therefore been suggested that the extreme capsule functions as part of the ventral language system for processing sound-to-meaning (Saur et al., 2008) . Empirical evidence for this possibility comes from recent studies using DTI, functional imaging and electrostimulation. Using DTI and functional MRI, colleagues (2008, 2010) showed that this tract, along with the inferior longitudinal fasciculus and middle longitudinal fasciculus, connected regions that were active during auditory comprehension of meaningful compared to non-meaningful sentences. Wong and colleagues (2011) showed that DTI fractional anisotropy of the posterior part of this pathway was associated with participants' ability to link meaning with changes in pitch pattern within syllables embedded in an unfamiliar language. Using electrostimulation, Duffau and colleagues (2005) found that stimulating extreme capsule white matter resulted in semantic paraphasias (i.e. substitution of a target word by a semantically related word, such as cat ! dog), although these authors also labelled this the inferior fronto-occipital fasciculus (see Kier et al., 2004 for a discussion of the confusion among these pathways and the uncinate fasciculus). Overall, these data are consistent with the idea that the extreme capsule is part of a ventral language stream for semantic processing. However, there is also some evidence for the involvement of the extreme capsule in phonological working memory, which is consistent with the proposal that the extreme capsule is part of a network supporting expressive language . Specifically, DTI fractional anisotropy of the extreme capsule is related to individual differences in learning a simplified artificial language under conditions of linguistic interference that tax phonological working memory (Lopez-Barroso et al., 2011), and there is association of conduction aphasia with lesion of the extreme capsule (Damasio and Damasio, 1980) . In summary, at least two functions have been ascribed to the extreme capsule: semantic processing during language comprehension and phonological working memory.
Middle longitudinal fasciculus
The middle longitudinal fasciculus is a white matter tract that connects inferior parietal lobule with temporal cortices. It was first described by Seltzer and Pandya (1984) , who found that injections in the middle and caudal thirds of the macaque inferior parietal lobule, corresponding to human angular gyrus and lower bank of the intraparietal sulcus, resulted in radiolabelled isotope indicating substantial projections to the temporal lobe (e.g. Cases 16-19). In contrast, injections in the rostral inferior parietal lobule (area PF and rostral PFG), corresponding to the human supramarginal gyrus, did not result in substantial terminal labelling in the temporal lobe (e.g. Cases 12 and 13; but see Case 14). From these data, Seltzer and Pandya (1984) defined the middle longitudinal fasciculus as a unique fibre bundle coursing through the superior temporal gyrus and terminating in the superior temporal sulcus intermittently as the bundle runs rostrally in the temporal lobe (Fig. 4) . They also dissociated this fibre pathway from the inferior longitudinal fasciculus, superior longitudinal fasciculus and arcuate fasciculus pathways.
Historically, evidence for an extensive long association pathway connecting the parietal cortex to the superior temporal cortex in the non-human primate is equivocal. For example, using a combination of surgical lesion with Marchi staining (Mettler, 1932) , Mettler (1935a) found little evidence for such a connection after a focal lesion to the posterior end of the superior temporal sulcus (caudal area PG and Opt; Case 2). However, more recent non-human tract-tracing studies replicate Seltzer and Pandya (2006) . For example, in Case 4 of Schmahmann and Pandya (2006) , fibres leaving an injection site in the same area defined by Mettler (caudal area PG and Opt) did descend rostrally into the white matter of the superior temporal gyrus, forming a fibre bundle that they defined as the middle longitudinal fasciculus. Further replications using a number of different histochemical methods have strengthened the claim of the existence of the middle longitudinal fasciculus in the non-human primate (Ban, 1986; Neal et al., 1988; Cavada and Goldman-Rakic, 1989; Seltzer and Pandya, 1989; Barnes and Pandya, 1992; Schmahmann and Pandya, 2006) .
In contrast, the middle longitudinal fasciculus is less wellestablished in humans. It is absent in both historic (Burdach, 1819; Foville, 1844; Meynert, 1885; Dé jè rine, 1895 Dé jè rine, , 1901 and contemporary atlases of white matter connectivity (e.g. Oishi et al., 2011b , 2011b) , even when the focus is on association pathways of the temporal lobe Holl et al., 2011) , or when multiple methods are used (e.g. DTI, post-mortem blunt fibre dissection and histology; Holl et al., 2011) . However, a few investigators have identified the pathway in humans. For example, studies using histology (Makris, 1999) and DTI (Frey et al., 2008; Saur et al., 2008; Turken and Dronkers, 2011; Wong et al., 2011) have identified a middle longitudinal fasciculus pathway in the white matter of the superior temporal gyrus, extending from the angular gyrus to the anterior superior temporal cortex, and running dorsal and medial to the SLF/AF. The discrepancies may be explained by historical misidentification of the middle longitudinal fasciculus as the temporal stem of the SLF/AF, or as the inferior longitudinal fasciculus.
Middle longitudinal fasciculus: functional and clinical notions relevant to language
Like the extreme capsule and uncinate fasciculus, the middle longitudinal fasciculus has historically received very little attention in relation to language, but this is beginning to change. For example, colleagues (2008, 2010) and Wong and colleagues (2011) recently identified the middle longitudinal fasciculus as part of the ventral sound-to-meaning pathway. Wong et al. (2011) also suggested that the middle longitudinal fasciculus carries information downstream from primary and secondary auditory association areas to posterior and anterior superior temporal gyrus/superior temporal sulcus. Makris and colleagues (2009) noted the functional importance for language of connections between the angular gyrus and superior temporal gyrus, particularly on the left hemisphere. Such connectivity would potentially have implications for both phonological and semantic processing, as both functions are associated with the superior temporal gyrus/ superior temporal sulcus, and angular gyrus (Hickok and Poeppel, 2007; Binder et al., 2009; Brownsett and Wise, 2010) . However, De Witt Hamer and colleagues (2011) did not find evidence for any language disturbance following incomplete resection of and electrostimulation of the anterior part of the left middle longitudinal fasciculus in eight patients, even though they were able to elicit semantic paraphasias during electrostimulation of the more medial inferior fronto-occipital fasciculus in these same patients. Notably, though, resection in all patients consisted of the anterior part of the middle longitudinal fasciculus (anterior to the Heschl's gyrus), and therefore it is unclear if lesion to the posterior stem of the middle longitudinal fasciculus would elicit language disturbance. Overall, the available evidence suggests that this pathway may be important for sound processing and possibly auditory language processing/comprehension. However, given the small number of studies that have been conducted examining the middle longitudinal fasciculus, it is best to treat ascribed functions of this pathway as speculative.
The inferior longitudinal fasciculus and inferior frontooccipital fasciculus
The inferior longitudinal fasciculus and inferior fronto-occipital fasciculus fibre pathways are proposed to connect occipital cortices to the anterior temporal and inferior frontal cortices (note the inferior fronto-occipital fasciculus pathway is synonymous with the inferior occipito-frontal fasciculus). There is also a fronto-occipital fasciculus that is distinct from, but often confused with, the inferior fronto-occipital fasciculus. The literature on the inferior longitudinal fasciculus and inferior fronto-occipital fasciculus is marked by two important controversies. The first one concerns the nature of these fibres, whether they really form a long association fibre system, or whether these fibres are actually misidentified projection fibres to the occipital lobe. The second controversy concerns the status of these fibres as either one or two association fibre pathways.
Investigation of the inferior longitudinal fasciculus begins more or less with Burdach (1819) who identified a bundle of fibres originating in the occipital pole, coursing laterally through the temporal lobe, and terminating in the lateral frontal pole. He termed this (p. 152) the 'untre Lä ngenbü ndel (fasciculus longitudinalis inferior)' and distinguished its anterior course from the uncinate fasciculus. Dè jè rine (1895) updated this account and identified the inferior longitudinal fasciculus as one of five cortico-cortical long association fibre pathways, although he, like Sachs (1897) , located the rostral termination of inferior longitudinal fasciculus in the temporal pole: 'The inferior longitudinal fasciculus of Burdach is an anteroposterior bundle . . . extending from the occipital pole to the temporal pole' (p. 765). Furthermore, although he acknowledged the superior part might contain thalamo-cortical projection fibres, Dé jè rine emphasized that the inferior longitudinal fasciculus 'is exclusively an association bundle in its lower part' to be distinguished from thalamo-cortical projection fibres to the occipital lobe identified by the 19th century investigators Gratiolet, Meynert, Wernicke, Charcot, Ballet and Brisaud (p. 773) . Here, he hits upon one point of contention, whereby some investigators argued that the inferior longitudinal fasciculus was a visual projection system (Flechsig, 1895; Probst, 1901; Niessl-Mayendorf, 1903; Redlich, 1905 )-Flechsig (1896 called it 'nothing more than a part of the optic radiation of Gratiolet' (p. 2). Others took the position that it was an association system as promoted by Burdach, Sachs, Dé jè rine and others (e.g. Edinger, 1896; von Monakow, 1905 ; a more extensive historical account of these conflicting interpretations is offered in Davis, 1921; Schmahmann and Pandya, 2006) . While some recent work has challenged the notion of a separate long association fibre system in the temporal lobe (Tusa and Ungerleider, 1985) , other investigations in the non-human primate (Mettler, 1935b; Seltzer and Pandya, 1984; Schmahmann and Pandya, 2006) , and DTI and electrostimulation in humans (Catani et al., 2002 (Catani et al., , 2003 Mandonnet et al., 2007; Wakana et al., 2007; Hua et al., 2009; Oishi et al., 2011; Thiebaut de Schotten et al., 2011b) do support the existence of an association inferior longitudinal fasciculus separate from a projection system.
A second pathway coursing through the inferior temporal lobe, which is proposed to establish a continuous connection between the occipital lobe and the frontal lobe, is termed the inferior fronto-occipital fasciculus. As mentioned above, there is debate about whether the inferior longitudinal fasciculus and inferior fronto-occipital fasciculus are really two distinct pathways. Instead, it has been suggested (i) that there is only one pathway, the inferior fronto-occipital fasciculus (Davis, 1921) and (ii) that the inferior fronto-occipital fasciculus is actually the inferior longitudinal fasciculus continuing into the already-discussed middle longitudinal fasciculus, extreme capsule and uncinate fasciculus fibre pathways (Schmahmann and Pandya, 2006) .
Although Burdach (1822) claimed that inferior longitudinal fasciculus fibres extended to the frontal pole, explicit definition of the inferior fronto-occipital fasciculus would wait until the early 20th century (Trolard, 1906; Curran, 1909) . Curran believed he had defined a new, continuous pathway from the occipital to frontal lobes (Fig. 5) , although Barker (1899 Barker ( , p. 1065 noted that 'the anterior part of its course is extremely difficult to differentiate fibres which belong to it from other fibres which are adjacent to it or even mixed up with it', a sentiment that is echoed by contemporary researchers (Martino et al., 2010; Peltier et al., 2010 ).
More recent fibre dissection studies (Kier et al., 2004; Peuskens et al., 2004; Martino et al., 2010; Holl et al., 2011) have failed to clarify whether there are one or two inferior long association pathways in the temporal lobe, and whether there is a direct connection between the occipital and frontal lobes. DTI studies consistently suggest that two pathways exist (Catani et al., 2002 (Catani et al., , 2003 Wakana et al., 2007; Hua et al., 2009; Holl et al., 2011; Oishi et al., 2011; Thiebaut de Schotten et al., 2011b; Turken and Dronkers, 2011) . In contrast, in the non-human primate, autoradiography studies consistently argue the opposite-that while there is an inferior longitudinal fasciculus in the inferior temporal lobe, there is no inferior fronto-occipital fasciculus that courses uninterrupted from the occipital to the frontal lobe (Mettler, 1935d; Schmahmann and Pandya, 2006; Yeterian et al., 2011) .
In summary, notwithstanding earlier controversy, evidence for an association system in the inferior temporal lobe is substantial across post-mortem blunt fibre dissection, DTI and autoradiography methods. However, it remains unclear whether there are one or two such pathways, and/or whether there is uninterrupted occipito-frontal connectivity.
Inferior longitudinal fasciculus and inferior fronto-occipital fasciculus: functional and clinical notions relevant to language Several authors have focused on the visual functions of the inferior longitudinal fasciculus/inferior fronto-occipital fasciculus, as the occipito-temporal connectivity of this pathway has been proposed to support object recognition, face processing and visual semantic memory as part of the ventral visual pathway (Ross, 1980; Milner and Goodale, 2008; . Such functions are also relevant to language, as the ventral pathway may be involved in linking speech to higher-level semantic representations (Vigneau et al., 2006; Hickok and Poeppel, 2007) . Indeed, Duffau and colleagues (2005) and Mandonnet et al. (2007) have shown that intraoperative electrostimulation of the white matter under the superior temporal sulcus leads to semantic paraphasias. They identified this as the white matter of the inferior fronto-occipital fasciculus (Duffau et al., 2005; Mandonnet et al., 2007) , and Mandonnet and colleagues (2007) further suggested that no naming disturbance was associated with stimulation of the inferior longitudinal fasciculus. In contrast, colleagues (2008, 2010) and Wong and colleagues (2011) suggest that the inferior longitudinal fasciculus is also part of a temporal lobe fibre network supporting language comprehension, together with the middle longitudinal fasciculus and extreme capsule as part of the ventral semantic stream. Turken and Dronkers (2011) proposed a similar function, but, based on the suggested connectivity of the temporal cortex to the inferior frontal gyrus, emphasized the contribution of the inferior fronto-occipital fasciculus to semantic working memory. However, they too noted the difficulty of dissociating anatomically and functionally the contribution of inferior frontooccipital fasciculus/inferior longitudinal fasciculus pathways and the adjacent uncinate fasciculus and extreme capsule fibre pathways. To this point, investigation of the functional significance of these inferior temporal pathways is sparse; resolution of the controversies surrounding their anatomy will proceed concurrently with investigation of their function. 
Summary of the ventral stream
Clarifying the connectivity of the ventral pathway is crucial for many prominent theoretical models of the neurobiology of language. While classical language models propose one dorsal route, there are likely to be multiple such routes. For example, understanding extreme capsule connectivity in humans is very important, as this pathway potentially establishes an alternative ventral route from the anterior superior temporal lobe to the anterior inferior frontal gyrus, a region that may be important for processing semantic information during language comprehension (Hagoort et al., 2004; Hagoort, 2005) . Moreover, the importance of the anterior (as opposed to posterior) superior temporal gyrus and sulcus has been emphasized for speech comprehension and syntactic processing (Binder et al., 2000; Scott et al., 2000; Humphries et al., 2001 , Humphries et al., 2006 Scott and Johnsrude, 2003; Cohen et al., 2004; Obleser et al., 2011; Dewitt and Rauschecker, 2012) . In a recent meta-analysis, DeWitt and Rauschecker (2012) argued that the extant functional MRI evidence suggests speech comprehension proceeds from primary auditory cortex along an anterior-directed ventral stream pathway (cf. Saur et al., 2008) . Vigneau and colleagues (2006) also suggested revising the classic Broca-Wernicke-Geschwind model to account for additional semantic processing along this ventral pathway, specifically via the inferior longitudinal fasciculus and uncinate fasciculus.
Summary and concluding remarks
'In all domains, physiology has its firmest foundations in anatomy' (Brodmann, 1908) .
Language is an extremely complex faculty that allows us to express and comprehend ideas and emotions in the service of communication. Probably, the only universal consensus is that such a complex behaviour emerges from the interaction of a number of functionally and anatomically specified cortical and subcortical regions connected by a complex system of fibre pathways. Modern neuroscience methods have brought with them a sea change in the theoretical approach to the neurobiology of language, suggesting that the language network is widely distributed, and that its connections are numerous. This is a major shift in focus-the number of pathways that have garnered attention for language connectivity has expanded considerably since recent major reviews of this topic (Catani and Mesulam, 2008; Bernal and Ardila, 2009) , which focused on SLF/AF connectivity. This largely reflects the growing dissatisfaction with the ability of those classical language models to explain the diversity of neuroimaging and clinical findings (Bernal and Ardila, 2009) . Indeed, even the connectivity profile of the SLF/AF pathway has come under reconsideration since the establishment of the classical model. Figure 6 summarizes emerging and competing models of perisylvian connectivity. While most of these models propose a dual (dorsal, ventral) architecture for language, the function and connectivity of both pathways remains controversial.
As Fig. 6 suggests, there is no consensus model of either dorsal or ventral stream connectivity. The following are the major controversies that we expect will drive research in this area. With respect to the dorsal stream, controversy surrounds (i) the possible division of the human SLF/AF pathway into several components; (ii) the existence of direct posterior temporal-inferior frontal (i.e. Wernicke-Broca) connectivity; (iii) whether the caudal (temporal) component of the SLF/AF extends to the temporal pole; (iv) the specific location of the rostral terminations of the SLF/AF; and (iv) the nature of fronto-parietal and temporo-parietal connectivity via the SLF/AF. With respect to the ventral stream, outstanding questions focus on: (i) the parietal-temporal connectivity via the middle longitudinal fasciculus; (ii) the existence of direct occipital-frontal connectivity via the inferior fronto-occipital fasciculus; and (iii) the existence of direct connectivity via the extreme capsule between the anterior superior temporal cortex and the anterior inferior frontal gyrus.
There are at least two promising means to answering these questions. One is to improve the reliability and validity of tract-tracing methods in humans by comparing the results of these methods with autoradiography in the non-human primate. Some of these investigations are already underway Thiebaut De Schotten et al, 2011a ). An alternative is to investigate anatomy simultaneous with function or with the investigation of other anatomical markers of cortical organization. For example, connectivity of the language system can be constrained not only by the sulcal and gyral patterns of the cortex, but also by the physiology that maps to that cortex (Saur et al., 2008b) , or by other morphological measures (e.g. regional cortical thickness or myelin content; Fischl and Dale, 2000; Glasser and Van Essen, 2011) . Finally, it is important to consider how emerging models of connectivity relate to clinical correlates, as these contribute significantly to understanding the putative functional roles of these pathways for language.
These methods will help to clarify the anatomy and function of the dorsal and ventral streams, and further to dissociate the different components of each. Identifying the nature of these different pathways will help to ground theoretical frameworks of the functional neurobiology of language (Hickok and Poeppel, 2004, 2007; Hagoort, 2005; Vigneau et al., 2006; Price, 2010; Dewitt and Rauschecker, 2012) , and to institute a more coherent framework within which fibre pathway connectivity can be systematically incorporated to the study of language.
In this article, we have reviewed current knowledge about seven putative language pathways. We hope to have drawn attention to the fact that language pathways extend beyond the arcuate fasciculus, but also that the anatomy and functional correlates of additional pathways remain to be determined. We have attempted to provide some tools for the non-expert reader to be able to appraise and evaluate the connectional anatomy of language, including knowledge of the key methods and a detailed historical perspective (the reader is also referred to more extensive histories by Jamieson, 1909; Polyak and Kluver, 1968; Clarke and O'Malley, 1996; Finger, 2001; ffyche and Catani, 2005; Schmahmann and Pandya, 2006; York, 2009; Weiller et al., 2011) . We also reviewed the clinical correlates of each pathway, for the function of each can only be revealed by the careful examination of both connectivity and clinical correlates. We suggest that the available data, while still far from conclusive, point to a richer language model than those that have dominated the study of the neurobiology of language since the 19th century. Figure 6 Competing models of perisylvian connectivity. Top: Heavily influenced by DTI and post-mortem blunt fibre dissection methods in humans, the top figure suggests as many as five dissociable fibre pathways relevant for language. The middle longitudinal fasciculus is notably absent in this conceptualization, and the connectivity profile of the SLF/AF remains a focus of debate (represented by dashed line). Bottom: Heavily influenced by autioradiographic tract-tracing studies in the macaque monkey, the bottom figure suggests different connectivity for the third subcomponent of the superior longitudinal fasciculus and arcuate fasciculus. Additional connectivity to the parietal lobe is suggested for the inferior longitudinal fasciculus. The autoradiography data also suggest the existence of a middle longitudinal fasciculus, but dispute the existence of an inferior fronto-occipital fasciculus. Numbers refer to the corresponding Brodmann's areas for putative terminations and connections. 
